The threshold photoelectron and threshold photoelectron photoion coincidence spectra of CHF 3 in the range 13.5 -24.5 eV have been recorded. Ion yields and branching ratios have been determined for the three fragments CF 3 + , CHF 2 + and CF + . The mean kinetic energy releases into fragment ions involving either C-H or C-F bond cleavage have been measured, and compared with statistical and impulsive models.
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Introduction
Fluoroform (CHF 3 ) is a major industrial gas which is often used as a replacement for common feedgases, such as CHBr 3 , CHCl 3 and CF 4 , in plasma technological applications [1] . All four compounds contribute to global warming via the greenhouse effect, and CHBr 3 and CHCl 3 are serious ozone depleters in the stratosphere. The lack of Cl or Br atoms in CHF 3 means that it does not contribute to stratospheric ozone depletion, and the presence of one hydrogen atom means that the tropospheric lifetime of CHF 3 is significantly less than that of CF 4 . The use of CHF 3 in plasma technology means that it is important to understand the properties of this molecule under electron and ion impact, pertinent to technological and radiofrequency plasmas, and under vacuum-UV photoexcitation with photons of similar energy. Previous work in this area includes electron impact dissociation [2, 3] , electron energy loss spectroscopy [4] , vacuum-UV photoelectron spectroscopy (PES) [5] [6] [7] [8] , VUV absorption [9] [10] [11] , and a positron impact dissociation study [12] . The structure of CHF 3 has been determined by microwave spectroscopy [13] , and there have been numerous infrared and Raman studies. The interaction of CHF 3 with low-energy electrons has been thoroughly reviewed by Christophorou et al. [14] . It is surprising, therefore, there has only been a limited amount of work done on the reaction of CHF 3 with gas-phase ions [1, [15] [16] [17] [18] [19] , two of which are anion studies.
There has been no measurement of the PES of CHF 3 under threshold conditions, no photoionisation mass spectrometric study, nor a study of the fragmentation of state-selected CHF 3 + using coincidence techniques.
In this paper we report a threshold photoelectron photoion coincidence (TPEPICO) study of CHF 3 using tunable vacuum-UV photons, complemented by a study of the reactions of CHF 3 with a large number of cations in a selected ion flow tube (SIFT).
An additional motivation for such studies is to understand the importance of long-range charge transfer in ion-molecule reactions. We consider the general situation of a cation (A + ) reacting with a neutral molecule (BC), where BC has a permanent dipole moment. Charge transfer can occur either at long range or at short range. In the long-range mechanism, A + and BC approach under the influence of their charge-dipole interaction, until at some critical distance (R c ) the A + -BC and A-BC + potential energy curves cross. At this point an electron jump can take place. We have shown [20] that R c depends on the difference in energy between the recombination energy (RE) of A + and the ionisation energy (IE) of BC ; the smaller this difference, the larger R c . Furthermore, two important factors for a rapid electron transfer and an efficient long-range charge transfer process are a non-zero energy resonance connecting BC to an electronic state of BC + at the RE of A + , and the transferring electron comes from a molecular orbital of BC that is not shielded from the approaching cation. So long as there is some overlap of vibrational wavefunction between BC and BC + at the RE of A + , the evidence from similar-sized molecules (e.g. CF 4 [20] , CHClF 2 and CHCl 2 F [21] ) is that the magnitude of the photoionisation Franck-Condon factor for BC is not as important as originally thought in determining the efficiency of such a reaction. We note that if this long-range charge transfer mechanism operates, then the branching ratios for fragmentation of (BC + ) (*) , where (*) donates the possibility of BC + being in an excited electronic state, are expected to be independent of how this state is produced.
Hence, we would expect similar product branching ratios from the ion-molecule study and from the TPEPICO photoionisation study, assuming the photon energy in the latter experiment matches the RE of A + in the former.
When long-range charge transfer is unfavourable, A + and BC move closer together. As their separation decreases, distortion of the potential energy surface of interaction occurs. Eventually, a curve crossing can occur through which efficient charge transfer takes place. This is called short-range charge transfer. As an intermediate complex has formed, a chemical reaction, defined as the breaking and making of new bonds, may, in addition, compete with short-range charge transfer. This means that it is unlikely that the product branching ratios from the ion-molecule and from the TPEPICO experiments will mimic each other. Thus, a comparison of the fragmentation patterns from the SIFT and TPEPICO experiments, together with an analysis of the TPES of BC at the energy of the RE of A + , may indicate which mechanism, be it long-range or short-range, is dominant for the reaction of each cation.
Experimental
The apparatus used for the TPEPICO study has been described in detail previously [22] , the experiments being performed at the Daresbury Synchrotron Radiation Source. The coincidence experiment was performed on beamline 3.1 (1 m Seya-Namika monochromator) operating at a resolution of 0.3 nm, whilst a higher resolution threshold photoelectron spectrum (TPES) was recorded on beamline 3. Both the threshold electron analyser and the time-of-flight mass spectrometer have been described elsewhere [22] . The raw pulses from the detectors are discriminated and are passed to a time-to-digital converter (TDC) mounted in a dedicated PC. The electrons provide a 'start' trigger while the ions provide a 'stop' signal, allowing signals from the same ionisation process to be detected in coincidence.
With this apparatus, three different spectra can be recorded. Firstly, the TPES spectrum is obtained by recording the threshold electron signal as a function of photon energy. Secondly, a TPEPICO spectrum is obtained by recording the coincidence spectrum continuously as a function of photon energy. The data are recorded as a 3D map of coincidence counts vs. ion time of flight vs. photon energy. Sections from this map can yield either the time-of-flight mass spectrum at a defined photon energy or the yield of a particular ion.
In this mode the resolution of the TOF analyser is set so that all observed fragment ions appear on one single coincidence map; in this case, spectra were recorded over 512 channels at a time resolution of 16 ns to encompass CF + through to CF 3 + . Thirdly, with a fixed photon energy, high resolution TOF spectra can be produced at the highest resolution of 8 ns. Analysis of the peak shape of the ion fragment can reveal the kinetic energy release into that ion [23, 24] . Via conservation of momentum, the mean kinetic energy release, <KE> T , into the two fragments is obtained. can be compared to statistical and impulsive models to indicate the mechanism of dissociation. These models have been reviewed elsewhere [25] and are not discussed here.
The SIFT apparatus has been described in detail elsewhere [26] . Briefly, each reagent ion of interest is produced in a high pressure electron impact ion source containing an appropriate source gas [21] . The cation , and knowing the reaction length and ion flow velocity [26] , a plot of the logarithm of the reagent ion signal vs. neutral molecule concentration allows the rate coefficient to be determined. Rate coefficients with a upper limit of ca. 10 -13 cm 3 molecule -1 s -1 are too slow be measured in our apparatus. Percentage branching ratios for each product ion are derived from graphs of the relative product ion counts vs. neutral molecule concentration, with extrapolation to zero neutral gas flow to allow for the effect of any secondary reactions. This is particularly important for reactions producing CF 3 + , since this ion reacts with CHF 3 (Section 4.2). No allowance has been made in either experiment for mass discrimination effects of the respective ion detectors. This is relatively unimportant in the SIFT experiment, since the branching ratio measurements were made at the lowest possible mass resolution of the quadrupole ion detector when such effects are negligible. In the TPEPICO experiment, there is some evidence that the microchannel plate detectors discriminate in favour of lighter mass ions [27] , but the difference between 51 u (CHF 2 + ) and 69 u (CF 3 + ), the two major product ions in this study, are relatively small. We therefore quote a conservative error in the branching ratios of either experiment as ±10% for values greater than 10%, this error increasing for smaller branching ratios. When comparing branching ratios between the two experiments, we believe it is appropriate to propogate these errors. Therefore, agreement within ca. ±15% is acceptable as evidence for possible long-range charge transfer.
Energetics
The fragment ions observed in the dissociative photoionisation of CHF 3 [28] , a procedure described in detail elsewhere [29] . The vibrational frequencies of the two major fragment ions were not available in their entirety, therefore they were estimated from the isoelectronic molecules BF 3 and BHF 2 . The enthalpies of formation were taken from standard reference sources [30,31], apart from values for CF 3 + (406 kJ mol -1 ) [32] and CHF 2 + (604 kJ mol -1 ) [33] . For the SIFT study (Table 3) , apart from these standard sources, we use enthalpies of formation which are quoted in the footnote to this Table. 4. Results
Photon-induced reactions of CHF 3

Threshold photoelectron spectrum
The TPES of CHF 3 was recorded from 13.5 -24.5 eV at a resolution of 0.15 nm (Fig. 1a) . [5, 14] , where the numbering of the orbitals includes the carbon and fluorine 1s core orbitals. The 6a 1 HOMO is essentially σ C-H bonding, the 1a 2 , 5e and 4e orbitals are F 2pπ non-bonding, 3e is σ C-F bonding, and 5a 1 is a mixture of σ C-H and σ C-F bonding in character [5] . The 4a 1 orbital at ca, 24.5 eV has a small partial photoionisation cross section, and is also σ C-H bonding in character [ [9] at a slightly inferior resolution assign this peak to the (3e or 5a 1 ) -1 3d transition. In the context of interpreting the ion-molecule results (Section 5), the Franck-Condon regions of the Ã , B and C states of CHF 3 + , where the electron is removed from a F 2pπ
non-bonding orbital of CHF 3 unshielded from the approaching cation, encompass the range ca. 15-18 eV. By contrast, in the range from the onset of ionisation up to 15 eV and for energies greater than 18 eV, the electron is removed from a C-H or C-F σ-bonding orbital, where the fluorine atoms may cause some shielding for efficient long-range electron transfer to the approaching cation.
Scanning TPEPICO spectrum
A scanning-energy TPEPICO spectrum was recorded for CHF 3 from 13.5 -24.5 eV with an optical resolution of 0.3 nm and a TOF resolution of 16 ns. Three fragment cations, CF 3 + , CHF 2 + and CF + , were observed, but the parent ion was not detected. The design of our TOF mass spectrometer means it can sometimes be difficult to determine the number of hydrogen atoms in a fragment ion [22] . However, with a resolution as high as 16 ns, we can state with confidence that these three fragment ions contain no contributions from CHF 3 + , CF 2 + and CHF + , respectively. The parent ion has never been observed unambiguously in previous electron or photon impact studies of CHF 3 , although electron impact studies observe CF 2 + and CHF + [2, 3] . In a recent photoion-fluorescence coincidence study of electron-impact-excited CHF 3 , Furuya et al. [34] also observe CF 2 + on the shoulder of the CHF 2 + peak, but the electron energy is relatively high, 120 eV, and the presence of CF 2 + is only determined via simulation.
Fragment ion yields abstracted from the 3D map are shown in Figure 1b . CF 3 + is observed at the onset of ionisation of CHF 3 , 13.85 ± 0.05 eV, and is the only charged product produced from the ground state of CHF 3 + . The breaking of the C-H bond, and hence loss of an hydrogen atom, can be explained by the HOMO of CHF 3 being essentially σ C-H bonding and the assumption that intramolecular vibrational redistribution (IVR) is slow. The appearance energy for formation of CHF 2 + is 15.03 ± 0.05 eV, and is the major fragment produced from the Ã , B and C states of CHF 3 + . We note that these states arise from electron removal from F 2pπ non-bonding orbitals so, unless IVR is now very rapid, breaking of a C-F bond is to be expected from these states. The CF + fragment has a weak threshold at 18.9 ± 0.2 eV which probably corresponds to production of the Rydberg state of CHF 3 , with a VIE of 19.22 eV, described in Section 4. 
Fixed energy TPEPICO spectra
Fixed energy spectra were recorded with a TOF resolution of 8 ns for CF 3 + at 14.76 eV and for CHF 2 + at 16.35 and 17.36 eV, representing the VIEs of the X , B and C states of CHF 3 + , respectively. Mean translational kinetic energy releases, <KE> T , were obtained from each of these spectra as described elsewhere [23, 24] . Briefly, for each TPEPICO-TOF spectrum a small basis set of peaks, each with a discrete energy release ε t is computed, and assigned a probability. The discrete energies are given by ε t (n) = (2n−1) 2 ∆E, where n = 1,2,3,4 ….. ∆E depends on the statistical quality of the data ; the higher the signal-tonoise ratio, the lower ∆E and the higher n can be set to obtain the best fit. Each computed peak in the kinetic energy release distribution spans the range 4(n−1) 2 ∆E to 4n 2 ∆E, centred at ε t (n) + ∆E. The reduced probability of each discrete energy, P(ε t ), is varied by linear regression to minimise the least-squared errors between the simulated and experimental TOF peak. From the basis set of ε t and P(ε t ), <KE> T is easily determined. The analysis can accommodate a range of isotopes in the daughter ion, but this facility is clearly not needed in this CHF 3 + project. Figure 2 shows the TOF spectrum for CHF 2 + at 17.36 eV, the fit to the data, and the agreement is excellent. 
Bimolecular cation-induced reactions of CHF 3
Rate coefficients
Reactions between a series of ions, with a range of recombination energies (RE) from 6.27 -21.56 eV, with CHF 3 were studied using the SIFT technique. For each reaction a second order rate coefficient, k exp , was measured, and a value calculated, k calc , using modified-average dipole orientation (MADO) theory [37] . This theory is based on the classical Langevin model [38, 39] 
Branching Ratios
The branching ratios of the product cations are also measured in the SIFT experiment, data shown in column 3 of Table 3 . We note that the resolution of the quadrupole mass spectrometer, when used for product ion assignment, is better than 1 u, therefore there can be no ambiguity in the assignment of product cations. There have been relatively few studies of the reactivity of CHF 3 with positive ions, and very surprisingly none, to our knowledge, in a selected ion flow tube. The reaction of CF 3 + with CHF 3 has been studied using a crossed beam electrostatic trapping cell at a range of collision energies [1] , the rate coefficient was not measured but the ionic products were. Our results do not agree, as Peko et al. observe the products CF + , CF 3 + and CHF 2 + , whereas we observe only CHF 2 + . The discrepancy may be due to the high collisional energy used in their study. Pabst et al. [15] studied the reaction of CHF 3 with fragment ions produced from electron impact ionisation of CHF 3 under relatively high pressure conditions. They observed the same fragments from electron impact as we observe from our photon-induced study (Section 4.1), but in addition they observed CF 2 + , F + and the parent ion. However, these three ions occurred only as very small percentage yields, especially CHF 3 + (0.5 %). We note that the ions in the study of Pabst et al. were generated at high electron impact energies of 150-200 eV, compared to photon energies of 13-25 eV in our TPEPICO study.
The rates of the reactions of CF 3 + and F + with CHF 3 with are in fairly good agreement with our measurements, but their rates for the reaction of CF 2 + and CF + with CHF 3 are much lower. Chau and Bowers [16] used the ion cyclotron resonance technique to study the reactions of CHF 3 with the rare gas ions and N 2 + , CO + , CO 2 + and N 2 O + . They were unable to measure product distributions but commented that charge transfer dominates over chemical reaction channels. The majority of the rates they measured are in good agreement to ours. Jiao et al. [17] used Fourier Transform mass spectrometry to study the reactions of Ar + , CF 2 + and CF 3 + with CHF 3 . They measure rate coefficients which are much lower than ours, but their product yields are similar. Figure 3 shows the branching ratios from the TPEPICO and SIFT studies as a function of energy. The former appear as continuous graphs, whereas the latter appear as data points at defined RE values of the ions.
Comparison between TPEPICO and SIFT data
As described in Section 1, a comparison of the branching ratios may indicate the mechanism in operation for the cation reactions. Only seven out of the twenty four ions studied have REs greater than IE (CHF 3 ), so it is only for these seven reactions that long-range charge transfer is possible. Of these seven ions, the four with RE > 15 eV show differing behaviour when comparing branching ratios to the photon-induced study. For Ar + , F + and Ne + the agreement between data from the two experiments is particularly good, well within the 15% error that we discussed in Section 2 as acceptable evidence for long-range charge transfer. For N 2 + there is a significant difference, a ratio of 48% CHF 2 + to 52% CF 3 + in the ion-molecule reaction to be compared with 68% CHF 2 + to 32% CF 3 + in the TPEPICO experiment at a photon energy of 15.58 eV. For N 2 + , Ar + and F + there is a significant Franck-Condon intensity in the TPES (Fig. 1a) at the RE of these three ions and the electron is removed from an unshielded F 2pπ molecular orbital, whereas at the RE of Ne + , 21 .56 eV, the Franck-Condon activity is low and the electron is removed from a mixture of σ C-H and σ C-F shielded orbitals.
In Section 1, we described experiments [20, 21] that suggested that an energy resonance and the transfer of an unshielded electron were sufficient criteria for long-range charge transfer to occur ; an appreciable Franck- somewhat arbitrarily, an agreement within 15% in the branching ratios as evidence for long-range charge transfer, whilst the detection of an energy resonance with very low Franck-Condon factor depends upon the sensitivity of the electron analyser.
For the three ions with RE in the range 13.9-15.0 (Kr + , CO + and N + ), there is significantly poorer agreement between the branching ratios from the two experiments. Indeed, for CO + there is total disagreement in that the bimolecular chemical reaction produces CHF 2 + (97%) as its main product whereas the photon-induced reaction produces CF 3 + (ca. 90%). The agreement of the branching ratios for N + (RE=14.53 eV) is poor, the discrepancy for CF 3 + and CHF 2 + yields being greater than a factor of two. Thus for CO + and N + long-range charge transfer cannot be the preferred reaction mechanism. We note that in each case the electron would have to transfer from the highest occupied molecular orbital of CHF 3 , a σ C-H bonding orbital which will be shielded by three bulky fluorine atoms. The data points for Kr + are in better agreement, within 10-15 % of the photon-induced branching ratios, this being true at the energies of both of its spin-orbit components, 2 P 3/2 at 14.00 and 2 P 1/2 at 14.67 eV. As stated earlier, CHF 2 + (16 %), only becomes energetically allowed if Kr + exists in its excited spin-orbit state (Table 3) . Unfortunately, we are unable to determine how thermalised Kr + is in the SIFT apparatus. The majority of the enthalpies of formation at 298 K for ion and neutral species are taken from standard sources [30, 31] . Exceptions are more recent experimental values for CF 3 There is also a trace (< 1%) of product with mass 87 u, OH⋅⋅⋅⋅⋅CHF 3 + , from this reaction. 
Conclusions
Figure 2.
Time of flight spectrum (dots) for the CHF 2 + fragment ion produced from dissociative photoionisation of CHF 3 at a photon energy of 17.36 eV. The solid line is the best fit, using the procedure described elsewhere [23, 24] . The total, average translational kinetic energy release, <KE> t , is determined to be 1.18 ± 0.03 eV, corresponding to 37 % of the available energy. 
